We present the results from an extensive spectroscopic survey of the central region of the nearby galaxy cluster Abell 2199 at z = 0.03. By combining 775 new redshifts from the MMT/Hectospec observations with the data in the literature, we construct a large sample of 1624 galaxies with measured redshifts at R < 30 ′ , which results in high spectroscopic completeness at r petro,0 < 20.5 (77%). We use these data to study the kinematics and clustering of galaxies focusing on the comparison with those of the intracluster medium (ICM) from Suzaku X-ray observations. We identify 406 member galaxies of A2199 at R < 30 ′ using the caustic technique. The velocity dispersion profile of cluster members appears smoothly connected to the stellar velocity dispersion profile of the cD galaxy. The luminosity function is well fitted with a Schechter function at M r < −15. The radial velocities of cluster galaxies generally agree well with those of the ICM, but there are some regions where the velocity difference between the two is about a few hundred kilometer per second. The cluster galaxies show a hint of global rotation at R < 5 ′ with v rot = 300−600 km s −1 , but the ICM in the same region do not show such rotation. We apply a friends-of-friends algorithm to the cluster galaxy sample at R < 60 ′ and identify 32 group candidates, and examine the spatial correlation between the galaxy groups and X-ray emission. This extensive survey in the central region of A2199 provides an important basis for future studies of interplay among the galaxies, the ICM and the dark matter in the cluster.
1. INTRODUCTION Galaxy clusters are the largest gravitationally bound objects in the universe. They generally form at the nodes of filaments in the large-scale structure of the universe, and have grown through continuous accretion of material from the surroundings (Kravtsov & Borgani 2012) . They consist of three components that include dark matter, the intracluster medium (ICM), and galaxies. Each component has a different mass fraction in a cluster (dark matter: 80-95% , ICM: 5-20%, galaxies: 0.5-3%; Lin et al. 2003; Ettori et al. 2009 ), making up the total mass of 10 14 −10 15 M ⊙ (e.g. Rines et al. 2013 ). The three components interact with each other as clusters evolve through cosmic time (Park & Hwang 2009; Gu et al. 2013) . Because of different physical properties of the three components, the evolution of each component within a cluster is diverse. For example, when a galaxy cluster interacts or merges with another cluster, the three components can behave differently. The measurement of spatial offsets among the three components can provide strong constraints on models regarding nature of dark matter (e.g. Markevitch et al. 2004; Harvey et al. 2015) .
Different kinematic properties of the collisional ICM and collisionless cluster galaxies also provide an important hint of cluster merging history. Some numerical 1 Quantum Universe Center, Korea Institute for Advanced Study, Heogiro 85, Dongdaemun-gu, Seoul 02455, Korea 2 School of Physics, Korea Institute for Advanced Study, Heogiro 85, Dongdaemun-gu, Seoul 02455, Korea 3 Institute of Space and Astronautical Science (ISAS), Japan Aerospace Exploration Agency (JAXA), Kanagawa 252-5210, Japan studies have suggested that off-axis merging between two clusters provides angular momentum to clusters (Ricker 1998; Takizawa 2000; Ricker & Sarazin 2001 ) and the resulting bulk motion of the ICM survives longer than that of galaxies (Roettiger & Flores 2000) . Thus, a comparison of bulk motions between the ICM and galaxies allows us to infer when the clusters have experienced the major mergers. Moreover, the relevant bulk motion in clusters can contribute to the kinetic Sunyaev-Zeldovich signals that can affect the cosmic microwave background analysis (Dupke & Bregman 2002) . It is therefore necessary to examine the spatial distributions and the kinematics of the ICM and galaxies in clusters to better understand the formation and evolution of galaxy clusters and their constituents.
A2199 is one of nearby, rich, and X-ray bright clusters at z = 0.03. It hosts a massive cD galaxy (NGC 6166) at the center, which shows a radio jet (3C 338) interacting with surrounding material (Nulsen et al. 2013 ). A2199 forms a supercluster with neighboring clusters and groups that are probably infalling into A2199 (Rines et al. 2001) . Because of proximity and of a wealth of structures with different scales, A2199 has been an ideal laboratory to test structure formation models, in particular the evolution of galaxies in connection to the ICM and dark matter.
There are also many multiwavelength surveys that uniformly covered this supercluster region including the optical photometric and spectroscopic data from Sloan Digital Sky Survey (SDSS, York et al. 2000) , Wide-field Infrared Survey Explorer (WISE, Wright et al. 2010) , midinfrared photometric data, and ROSAT and Suzaku Xray data (Voges et al. 1999 , T. Tamura et al. 2017 . The combination of these data provides interesting insights on galaxy properties and their environmental dependence in the supercluster region (e.g. Rines et al. 2001 Rines et al. , 2002 Hwang et al. 2012; Lee et al. 2015) .
Here, we report the results from our extensive redshift survey of the central region of A2199 at R < 30 ′ (∼half virial radius of A2199). We increase the spectroscopic completeness in the survey region significantly from 38% to 77% at r petro,0 < 20.5, and construct a large sample of galaxies by combining with the data in the literature. We use this extensive data set to compare the kinematics and the spatial distribution of galaxies with those of the ICM.
This paper is constructed as follow. Section 2 describes the redshift data obtained with our MMT/Hectospec observations. We determine cluster membership, and derive the velocity dispersion profile and the luminosity function in Section 3. In Section 4, we compare the kinematics and the spatial distributions between galaxies and the ICM. Unless explicitly noted otherwise, we adopt flat Λ-CDM cosmological parameters of H 0 = 100 hkm s −1 Mpc, Ω Λ = 0.7, and Ω M = 0.3.
2. DATA 2.1. Photometric Data We used the photometric data of the SDSS data release 12 (DR12; Alam et al. 2015) to select targets for spectroscopic observations. Because our goal is to conduct a complete, uniform redshift survey of the central region of A2199 at R < 30 ′ , we chose the galaxies at r petro,0 < 21 without using any color selection criteria 4 (i.e. extended sources in SDSS; see Section 4.2 of Strauss et al. 2002 for the star-galaxy separation in SDSS). We weighted the spectroscopic targets with their apparent magnitudes.
Spectroscopy
We used Hectospec on the MMT 6.5m telescope for spectroscopic observations (Fabricant et al. 1998 (Fabricant et al. , 2005 . Hectospec is a 300-fiber multi-object spectrograph with a circular field of view (FOV) of a 1
• diameter. We used the 270 line mm −1 grating of Hectospec that provides a dispersion of 1.2Å pixel −1 and a resolution of ∼6Å. We observed 4 fields with 3×20 minutes exposure each, and obtained spectra covering the wavelength range 3500-9150Å. All the fields are centered on the A2199 X-ray center (R.A.= 247
• .1582, decl.= 39
• .5487; Böhringer et al. 2000) .
We reduced the Hectospec spectra with HSRED v2.0 that is an updated reduction pipeline originally developed by Richard Cool.
We then used RVSAO (Kurtz & Mink 1998) to determine the redshifts by crosscorrelating the spectra with templates. RVSAO gives the Tonry & Davis (1979) 's r-value for each spectrum that is an indicator of cross-correlation reliability; we select only those galaxies with r > 4, consistent with the limit confirmed by visual inspection (Geller et al. 2014b . In the end, we obtain 775 reliable redshifts from the observations of 1024 targets. We combine these data with those from the SDSS DR12 (Alam et al. 2015) and from the literature (Rines & Geller 2008; Rines et al. 2002; Smith et al. 2004 ). In total, we have 1625 redshifts at R < 30 ′ ; 775 from this study, 477 from Rines & Geller (2008) , 363 from the SDSS DR12, and 10 from other studies. Figure 1 shows the (g − r)-r color-magnitude diagram for the objects in the central region of A2199 at R < 30 ′ . Galaxies with measured redshifts are represented with symbols in colors, while those without spectra are indicated with black dots. The red sequence of A2199 is clearly visible, and the blue population is sparsely distributed below the red sequence. We use the cluster member galaxies at R < 30 ′ (see Section 3.1 for the member selection) to determine the best-fit relation of the red sequence, which is
(solid line in Figure 1 ). The rms scatter around this relation is 0.05 mag. We divide the cluster member galaxies into two subsamples (red and blue) using the line 3σ blueward of the best-fit red-sequence relation (Sánchez-Blázquez et al. 2009; Rines et al. 2013; Hwang et al. 2014) ; they are indicated separately with red dots and blue crosses in Figure 1 . Green squares are background plus foreground galaxies. The bottom panel of Figure 2 shows the spectroscopic completeness at R < 30 ′ (i.e. the number of galaxies with measured redshifts divided by the number of galaxies in the photometric sample) as a function of r-band apparent magnitude; black and red lines indicate the completeness before and after our Hectospec observations, respectively. The vertical lines indicate the magnitudes when the differential completeness drops below 50%. The effective magnitude limit including our new redshift data is fainter than the one based on previous redshift data by about one magnitude (from 19.1 to 20.2). Similarly, the cumulative completeness at r petro,0 < 20.5 has significantly increased from 38% to 77% with our new data. The bottom left panel of Figure 3 shows the two-dimensional map of the spectroscopic completeness at r petro,0 < 20.5 as a function of R.A. and declination. The top and right panels show the integrated completeness as a function of R.A. and declination, respectively, showing very little variation. The high completeness with little spatial variation suggests that the cluster is very successfully and uniformly covered by our redshift survey.
The top panel of Figure 4 shows r-band apparent magnitudes of galaxies as a function of redshift. Red and black dots indicate the galaxies with measured redshifts from this study and from the literature, respectively. As expected, we targeted mainly faint objects at r petro,0 = 19.0−20.5. The bottom panel is for redshift histograms; red is for the new redshifts and black is for the total. The blue histogram is for the A2199 member galaxies, which is peaked at z = 0.03
In Table 1 , we list all the redshifts in the central region of A2199 at R < 1
• . In total, there are 2400 redshifts. The table includes SDSS DR12 ObjID, R.A., declination, r-band apparent magnitude (r Petro,0 ), flag whether the source is an extended source based on the probPSF parameter in the SDSS database, redshift (z) and its error, redshift source, cluster membership (see Section 3.1), and group ID (see Section 5.1). Fig. 1 .-(g model,0 − r model,0 )−r petro,0 color-magnitude diagram of A2199 galaxies at R < 30 ′ . Green dots represent galaxies with measured redshifts and black dots represent galaxies without redshifts. Red dots denote cluster members which are in the red sequence, and blue crosses are blue cluster members. Fig. 2. -(Top) Numbers of galaxies at R < 30 ′ as a function of r petro,0 : dashed line -all the galaxies regardless of redshift measurement, black solid line -galaxies with measured redshifts before our MMT/Hectospec observations, red solid line -galaxies with measured redshifts after our MMT/Hectospec observations. (Bottom) Differential spectroscopic completeness at R < 30 ′ as a function of r petro,0 . Black and red solid lines represent the completeness curves before and after our MMT/Hectospec observations, respectively. Two vertical dotted lines denote apparent magnitudes when the completeness drops below 50%: black dotted line -r petro,0 = 19.1, red dotted line -r petro,0 = 20.2.
PHYSICAL PROPERTIES OF CLUSTER
GALAXIES IN A2199 3.1. Cluster Membership with the Caustic Technique The distribution of cluster galaxies in a phase space defined by radial velocity and projected clustercentric radius shows a characteristic trumpet-shaped pattern. The edges of this distribution are called caustics and are related to the escape velocity at each radius (Kaiser 1987; Regos & Geller 1989; Diaferio & Geller 1997) . The caustic technique defines the trumpet-shaped pattern, and separates galaxies bound in a cluster from foreground and background galaxies (Diaferio & Geller 1997; Diaferio 1999) . The technique uses an adaptive kernel to compute a smoothed, two-dimensional density distribution in the phase space, and the location of the caustics is where the density reaches a certain threshold. A detailed explanation on this technique is in Diaferio (1999) and Serra et al. (2011) . This technique is widely used in identifying cluster galaxies and in determining cluster mass profiles (Rines et al. 2013 (Rines et al. , 2016 Biviano et al. 2013) . Serra & Diaferio (2013) used 100 mock clusters from a cosmological N-body simulation, and demonstrated that the caustic technique works well in identifying cluster member galaxies with the fraction of identified true members to be 95±3% within 3 R 200 (see also Diaferio 1999; Serra et al. 2011 , for more details). We use a free software tool, The Caustic App v1.2 developed by Anna Laura Serra & Antonaldo Diaferio, to apply this method to the sample of galaxies with measured redshifts at R < 400 ′ and identify the member galaxies of A2199. The middle panel of Figure 5 shows the rest-frame clustercentric velocities of galaxies as a function of projected clustercentric radius with the determined caustics (black Rines & Geller (2008) , (4) Rines et al. (2002) , (5) Hill & Oegerle (1998) , (6) Smith et al. (2004, NOAO Fundamental Plane Survey) , (7) Zabludoff et al. (1990) , (8) Huchra et al. (2012, 2MASS Redshift Survey) , (9) Pustilnik et al. (1999) , (10) Bernardi et al. (2002) , (11) Wyithe et al. (2005) . c (0) A2199 non-member, (1) A2199 member. -(Top) Distribution of r petro,0 of galaxies at R < 30 ′ as a function of redshift. Black dots represent galaxies with measured redshifts in the literature. Red dots represent galaxies with new redshifts in this study. (Bottom) Redshift distribution of galaxies. Black and red colors indicate all the galaxies with measured redshifts at R < 30 ′ and the galaxies with new redshifts in this study, respectively. Blue histogram represents the redshift distribution of the member galaxies of A2199.
solid lines). The expected trumpet-shaped pattern is obvious, and roughly agrees with the lines based on a visual impression. The caustic technique also determines a hierarchical center of the cluster based on a binary tree analysis (see Appendix A of Diaferio 1999, for more details). The cluster center determined from this technique is R.A.= 247
• .135032 and decl.= 39
• .520795, consistent with the X-ray center used in this study.
We finally identify 585 members at R < 60 ′ (R < 1.58h −1 Mpc) using the caustic technique. The red and blue members defined in Figure 1 are plotted, respectively, as red circles and blue crosses in the middle panel of Figure 5 . The bottom panel shows r-band apparent magnitudes of galaxies as a function of projected clustercentric radius (red members: red circles, blue members: blue crosses, non-members with measured redshifts: black circles). Two different magnitude limits for spectroscopy are apparent at different clustercentric radius ranges: r petro,0 ∼ 20.5 at R < 30 ′ (MMT/Hectospec in this study) and r petro,0 ∼ 17.77 at 30 ′ < R < 60 ′ (SDSS main galaxy sample).
Velocity Dispersion Profile
The velocity dispersion profile of galaxy clusters provides important information on the total mass distribution in clusters or on the orbital velocity anisotropy of cluster galaxies (Mahdavi et al. 1999; Biviano & Katgert 2004; Hwang & Lee 2008) .
Moreover, Geller et al. (2014a) suggested that the combination of two kinematic tracers (e.g. stars of cD galaxy and cluster galaxies) potentially provide complementary measures of the cluster potential (see also Kelson et al. 2002) . We therefore present the velocity dispersion profile of the A2199 galaxies with the stellar dispersion profile of the cD galaxy in Figure 6 . Red open circles and blue crosses are for the red and blue members, respectively, and black filled circles are for all the members. The points at R < 2 ′ are for the cD stars: plus signs from Kelson et al. (2002) and star symbols from Bender et al. (2015) . The two different velocity dispersion profiles of stars and galaxies overlap smoothly and show a turnover around 0.1h −1 Mpc. This is similar to the results in Kelson et al. (2002) for A2199 and in Geller et al. (2014a) for A383. Kelson et al. tried to fit to the observed velocity dispersion profiles with one-and two-component mass models, and could obtain an acceptable fit when they treat the stellar and dark matter components separately. A detailed dynamical modeling including the fit to the combined cD and galaxy velocity dispersion profiles is beyond the scope of this paper, but we provide the data for the profile of galaxies in Table 2 for future studies.
The velocity dispersion profiles of the total and red samples agree well within the uncertainty. The blue galaxies seem to have systematically higher velocity dispersions than the red galaxies. However, the inclusion of the blue population to the total sample does not make the total velocity dispersion profile significantly different from that of the red sample. This means that the red members are reliable tracers for the cluster velocity dispersion (and cluster mass estimates), which is consistent with the results in other studies (Rines et al. 2013; Geller et al. 2014a ).
Luminosity Function
The galaxy luminosity function and its environmental dependence are fundamental tools for understanding galaxy formation and evolution (White & Rees 1978; Cole 1991; White & Frenk 1991) . In particular, a robust measurement of the faint-end slope of the luminosity function that provides strong constraints on galaxy formation models is one of key challenges (e.g. Geller et al. 2012) . Typical measurements of the faintend slope of the luminosity function from observations are −1.6 < α < −1.1 (e.g. Efstathiou et al. 1988; Liu et al. 2008) , flatter than the one of the mass function of dark matter subhalos from ΛCDM simulations (α = −1.9, Springel et al. 2008 ). This discrepancy can be understood by various physical processes relevant to galaxy formation and evolution in a dark matter halos including gas cooling, cosmic re-ionization, feedback processes, galaxy merging, and thermal conduction (Benson et al. 2003; Cooray & Milosavljević 2005; Croton et al. 2006) .
Interestingly, some studies suggest that the galaxy luminosity function in clusters shows an upturn at the faint end (e.g. −2.1 < α < −1.6, Driver et al. 1994; de Propris et al. 1995; Adami et al. 2007; Jenkins et al. 2007; Milne et al. 2007; Yamanoi et al. 2007; Bañados et al. 2010; Agulli et al. 2014; Moretti et al. 2015; Lan et al. 2016 ). There are some physical processes including tidal interactions and shielding from the ultraviolet radiation in clusters that could create and protect dwarf galaxies, which result in the excess of dwarf populations; this makes the faint-end slope of the Rest-frame clustercentric velocities of galaxies as a function of projected clustercentric radius. Black thick lines are the caustics. Cluster member galaxies are defined as those within the caustics. Red dots and blue crosses are the red and blue members, respectively. Galaxies with measured redshifts that are classified as non-members are represented with black dots. Histograms of clustercentric radii (top) and of rest-frame clustercentric velocities (middle right) of galaxies are also shown. Red and blue hashed histograms are for red and blue members, respectively. Black hashed histogram is for all members and plain one is for galaxies including both members and non-members. (Bottom left) r petro,0 of galaxies as a function of clustercentric radius. Black dots are non-member galaxies with measured redshifts. We display only 10% of them for clarity. (Bottom right) Histogram of r petro,0 . Black hashed one is for members and plain one is for all galaxies with measured redshifts. luminosity function steep (Barnes & Hernquist 1992; Bekki et al. 2001; Tully et al. 2002; Benson et al. 2003; Popesso et al. 2006) . Lan et al. (2016) has recently claimed that this faint-end upturn of the luminosity function is universal regardless of environment. However, there are no studies that directly show such an upturn in cluster environment using the spectroscopic data (e.g. Rines & Geller 2008; Ferrarese et al. 2016) , which means that the existence and universality of the faint-end upturn feature are still in debate. Here, we examine the luminosity function of the cluster galaxies of A2199 with our deep and complete spectroscopic data focusing on the faint-end slope. Rines & Geller (2008) used the redshift data of the central region of A2199 (R < 30 ′ ) from MMT/Hectospec observations to derive the luminosity function at r < 20 mag. We use the redshift data from our observation that is deeper and more complete than previous surveys to re-determine the luminosity function of A2199 focusing on the faint-end slope. Following Rines & Geller (2008) , we first select the cluster galaxies by simply applying their velocity cut (i.e. 7000< cz <11000 km s −1 ); there are 400 galaxies by excluding the cD galaxy from the luminosity function analysis. We count galaxies at each absolute magnitude bin, and correct the counts for spectroscopic incompleteness by weighting each galaxy with the inverse of the completeness in Figure 2 and for surface brightness incompleteness in the SDSS photometric catalog by multiplying the correction factor in Fig. 6 of Blanton et al. (2005) . We fit to the data where the total (surface brightness and spectroscopic) completeness is larger than 50% (i.e. at r petro,0 < 20.3) with the Schechter function (Schechter 1976) :
(2) where M is an absolute magnitude, M * is the characteristic magnitude of the luminosity function, and α is the faint-end slope. We use the MPFIT package in IDL (Markwardt 2009 ) to determine the best-fit Schechter function, and compute the uncertainties of the best-fit parameters by repeating the fitting procedure 1000 times Table  1 ), respectively. At larger radii, the velocity dispersion profile for the cluster members selected by the caustic method is presented. The horizontal bar shows the width of the overlapping logarithmic bins (0.6 dex). Black points, red open circles, and blue crosses denote all the members, the red members, and the blue members, respectively. The error is estimated by the bootstrap method.
TABLE 2 Velocity dispersion of A2199

All members
Red members Blue members with re-sampled data sets. The resulting best-fit parameters are M * 5 = −21.68 ± 0.64 and α = −1.26 ± 0.06. This faint-end slope is slightly steeper than that the one in Rines & Geller (2008, α = −1.13 +0.07 −0.06 ), but is much shallower than the one expected from the faint-end upturn of the luminosity function (i.e. −2.1 < α < −1.6).
On the other hand, the velocity cut used above corresponds to −2298 < ∆(cz)/(1 + z cl ) < 1581 km s −1 ; this criterion is different from the caustics defined in Fig we also derive the luminosity function using the member galaxies identified with the caustic technique (i.e. 386 members at R < 30 ′ ). The best-fit parameters are M * = −21.68 ± 0.80 and α = −1.26 ± 0.06, which shows no significant differences from the case based on the radial velocity cut.
To examine whether the luminosity function changes with environment, we show the luminosity functions for inner (yellow squares) and outer (green triangles) regions in the right panel of Figure 7 . The radial ranges are chosen to have similar numbers of galaxies in the regions. We also fit to the data with the high spectroscopic completeness at M r < −15 (i.e. filled symbols), and obtain the best-fit parameters of M * = −21.26 ± 1.11 and α = −1.22±0.10 for the inner region and M * = −22.11±3.94 and α = −1.31 ± 0.13 for the outer region. The slopes of the two subsamples agree within the uncertainty, indicating no significant changes of the luminosity function with clustercentric radius at R < 30 ′ . This is again consistent with the result of Rines & Geller (2008) .
We found no evidence for the faint-end upturn of the luminosity function in A2199 at M r < −15. This could be because our magnitude limit is not faint enough to probe the magnitude range where the upturn is expected to appear (e.g. M r −15, Lan et al. 2016) . However, a recent work by Ferrarese et al. (2016) who used the very deep spectroscopic data of the Virgo cluster with M g < −9.13 also found no faint-end upturn in their luminosity function. It should be noted that many studies suggesting the faint-end upturn of the luminosity function are based on photometric data, which can suffer from systematic uncertainties including the subtraction of background galaxies, especially in the faint end of the luminosity function. We refer the readers to Rines & Geller (2008) for more discussion on the possible uncertainties in determining the luminosity function. Deeper spectroscopic surveys of galaxy clusters will be helpful for better constraining the faint-end slope of the luminosity function.
COMPARISON BETWEEN GALAXIES AND THE
INTRACLUSTER MEDIUM 4.1. Velocity Structure in A2199 The kinematics of cluster galaxies can provide an important hint of merging history of galaxy clusters (Hwang & Lee 2009 ). Moreover, because of different dynamical properties of galaxies and the ICM (i.e. collisionless galaxies and the collisional ICM), comparison of the bulk motion between the two is also useful for understanding the dynamical state of galaxy clusters (e.g. Roettiger & Flores 2000) .
To compare the kinematics of galaxies with that of the ICM in A2199, we use the radial velocity measurements of the ICM in Ota & Yoshida (2016) . They measured the radial velocities of the ICM in different regions of A2199 from the analysis of emission lines in the X-ray spectra taken with the Suzaku satellite. To compare the radial velocities of the cluster galaxies with those of the ICM, we determine the average velocity of the galaxies in each region where the ICM radial velocity is measured; the average radial velocity of the galaxies is the mean of the velocity distribution in each cell (see Appendix for the radial velocity distribution of galaxies in each cell), and that of ICM is the radial velocity determined from the stacked X-ray spectrum in each cell. Figure 8 shows the positions of such regions (left: galaxies, right: the ICM) delineated by different sized squares: four large cells of 18 ′ × 18 ′ FOV and sixteen small cells of 4 ′ .5 × 4 ′ .5 FOV. Each cell is color-coded by the average radial velocities of the galaxies and the ICM in the cluster rest frame. There are four empty small cells for the ICM without velocity measurements because of large uncertainties near X-ray CCD edges. We note that the radial velocity of the ICM in the upper left large cell, L1, is very different from the other three large cells (∆v ∼ 1500km s −1 ). However, the velocity measurement error in this cell is also large (σ v ∼ 1300km s −1 ), indicating the large velocity offset is not statistically significant (see Figure 1 in Ota & Yoshida 2016 for more details). There are some cells where the galaxies and the ICM move in opposite directions (e.g. S2) as well as those where the two components move in the same direction but at different speeds.
To compare the radial motions of the two components -Two-dimensional maps color-coded by radial velocities of galaxies (left) and the ICM (right) in the cluster rest frame as a function of right ascension and of declination. The radial velocities of galaxies and the ICM are measured within each cell. Empty cells indicate the regions with no measurements. For galaxies, those with |∆cz|/(1 + z cl ) < 3000 km s −1 are used. The mean value of the radial velocities of the galaxies in each region is calculated. Plus symbols refer to the cluster center. Fig. 9 .-Radial velocities of galaxies (blue) and the ICM (red) in the cluster rest frame measured in the regions of Figure 8 , as a function of clustercentric radius (left), and their histogram (right). Error bar for the ICM is an 1σ statistical error in the measurement of radial velocity, and that for galaxies is the standard error of the mean.
quantitatively, we plot the radial velocities of the galaxies and the ICM in the cells as a function of projected clustercentric radius. In the left panel of Figure 9 , we show the radial velocities of the galaxies and the ICM for each cell with blue circles and red diamonds, respectively. The error bar for the ICM is an 1σ statistical error in the measurement of radial velocity, and that for the galaxies is the standard error of the mean. There are three cells where the difference in the radial velocity between the galaxies and the ICM is significant more than ∼2σ: S9(4.3σ), S2(2.0σ), and L2(3.2σ). We mark these cells with vertical lines and their names in Figure 9 . We perform the Kolmogorov-Smirnov (K-S) two sample test and the Anderson-Darling k-sample test (A-D) for the distributions of the radial velocities of the galaxies and the ICM to determine whether these two distributions are drawn from the same distribution (null hypothesis). The p-values from the two tests are 0.007 and 0.023, respectively, suggesting that there is a possible difference in the radial velocity between the galaxies and the ICM with 2.0−2.5σ significance levels. This possible difference between the two components could be related to the recent merging activity of A2199 that is evidenced by gas sloshing probably caused by a minor merger (Nulsen et al. 2013) . Because the possible systematic difference in the velocity measurements of the galaxies and the ICM is not negligible, future X-ray observations with better velocity measurement capability will be useful for drawing a strong conclusion (e.g. Kitayama et al. 2014) .
One interesting feature is that the average radial motion of the galaxies in S9 cell is discrepant when compared to the surrounding cells (i.e. S10, S13, S14), whereas the average radial motion of the ICM shows no such discrepancy. This radial motion of the galaxies could result from bulk motion including the global rotation of clusters. We therefore quantify the rotation of the galaxies at R < 5 ′ around the center of A2199 by fitting the radial velocities of the galaxies (v p = ∆(cz)/(1+z cl )) with a function of position angle (Θ),
following Hwang & Lee (2007) . v rot and Θ 0 are fitting parameters, which represent the (projected) rotational speed and the position angle of the rotation axis, respectively. We fix v sys with the median value of the cluster galaxies at R < 5 ′ (dotted line in the figure) . The left panel of Figure 10 shows the radial velocities of the galaxies at R < 5 ′ as a function of position angle with the best-fit rotation curve (thick solid line). The best-fit parameters are v rot = 598±264 km s −1 and Θ 0 = 205±36 • , suggesting a possible rotational signal with 2.3σ.
As a sanity check, we use another method to detect any rotation signal of galaxy clusters (Manolopoulou & Plionis 2016) . We examine the difference between the median velocities (< v 1 > and < v 2 >) of two galaxy subsamples divided by an axis that passes through the cluster center. The right panel of Figure  10 shows the velocity difference as the division axis rotates consecutively (rotation diagram). θ 0 is the position angle of the axis. If a cluster is rotating, the rotation diagram should show a clear periodic trend, having its maximum or minimum when the division axis coincides with the rotation axis. In general, the maximum corresponds to the rotational speed (see Section 2.1 of Manolopoulou & Plionis 2016) . The right panel of Figure 10 shows a periodic change of the velocity difference (< v 1 > − < v 2 >) with θ 0 with the maximum of 390 ± 268 km s −1 at θ 0 ∼ 180
• . The rotation of the cluster galaxies at R < 5 ′ is detected at a significance level of 2.3σ by the method of Hwang & Lee (2007) and of 1.5σ by the method of Manolopoulou & Plionis (2016) . The measurements of the rotational amplitude and the rotation axis by the two methods agree within the uncertainty. As expected, the rotation axis we find is placed to separate the S9 cell from the other cells at similar radii (S10, S13 and S14) in Figure 8 . It is interesting to note that only the galaxies show a hint of rotation in A2199 unlike the ICM. Poole et al. (2006) suggested that the kinematics of the ICM can be affected by the disruptive gas dynamical forces that do not act on the dynamically dominant component (i.e. dark matter, galaxies), which makes the ICM remove the signature of substructures faster than the other components. On the other hand, a numerical simulation of cluster major mergers (e.g. mass ratio of ∼ 2.5 : 1, Roettiger & Flores 2000) shows that the rotation of the ICM survives longer than that of the galaxies when a cluster has experienced an off-axis major merging. Another numerical simulation also shows that the rotation of the ICM in a relaxed cluster is stronger than that of galaxies at all radii (Baldi et al. 2017 ). These results from numerical simulations appear to differ from the case of A2199 in this study, suggesting that the rotation of the galaxies in the central region of A2199 (i.e. R < 5 ′ ) is not induced by an off-axis major merger. Instead, a recent minor merger could be responsible for the different radial motions between the galaxies and the ICM in A2199. Indeed, Nulsen et al. (2013) found evidence of a recent minor merger event (400 Myr ago) in the central region of A2199 with Chandra observations, supporting our conclusion. Because both the galaxy number density and the X-ray intensity maps show no distinctive clumps in the central region (see Figure 14) , the minor merger might result from an infall of a disrupted galaxy group; this could not affect the kinematics of the ICM, but could affect only the kinematics of the galaxies. In addition, AGN in cD galaxies can give a significant impact on the inner ICM and its dynamical state (Cui et al. 2016 (Cui et al. , 2017 . For example, the AGN feedback including jets can transfer the extra energy to the ICM, which can make the velocity field of the inner ICM sufficiently disordered (e.g. Heinz et al. 2010; Baldi et al. 2017) . Indeed, Nulsen et al. (2013) showed that there are complex in- Table 3 is also shown.
teractions between radio outbursts from the AGN in the cD galaxy of A2199 and the inner ICM, supporting this argument.
Galaxy Groups in the Central Region of A2199
In this section, we identify galaxy groups in the central region of A2199 using the galaxy catalog in this study, and compare their spatial distribution with that of the ICM. Identifying substructures (i.e. subhalos) in galaxy clusters and characterizing their physical properties are important to understand the mass assembly history of clusters (Okabe et al. 2014) . The comparison of spatial distributions between optically-selected galaxy groups with X-ray clumps (and with weak-lensing peaks)
is an important step to understand the reliability of the group identification method and the systematics of each method. To do that, we use Suzaku X-ray images in the 0.7-2.0 keV band of A2199 (T. Tamura et al. 2017, in prep.) . However, the incomplete spatial coverage of the Suzaku observations (see Figure 13 ) prevents us from a detailed, quantitative comparison between the galaxies and the ICM (e.g. cross-correlation of the galaxy number map with the X-ray intensity map). Therefore, we focus on a simple visual identification of X-ray counterparts of optically-selected galaxy groups in this study and simple correlation tests between group galaxies and X-ray intensity in clusters.
Identification of Galaxy Groups with a Friends-of-Friends Algorithm
We first identify group candidates in the cluster by applying a friends-of-friends (FoF) algorithm (Huchra & Geller 1982) to the sample of the A2199 galaxies at R < 60 ′ . Because the radial velocities of cluster galaxies are strongly affected by peculiar velocities, we use only R.A. and declination information to connect galaxies after applying a velocity cut to select cluster galaxies. There are two magnitude limits for the galaxy sample at R < 60 ′ (r petro,0 ∼ 20.5 at R < 30 ′ from this survey and r petro,0 ∼ 17.77 at R = 30−60 ′ from the SDSS). Because the galaxy number density differs with the magnitude limit, we use two different linking lengths for the samples of the two different magnitude limits to identify galaxy groups with similar physical properties. To determine an optimal linking length for galaxy groups, we first use the galaxies with r petro,0 ≤ 17.77 (the limiting apparent magnitude in the outer region at R > 30 ′ ) and |∆cz|/(1+z cl ) ≤ 3000 km s −1 in a region of A2199 supercluster (12
• × 12 • ) where previously known galaxy groups and clusters including Abell 2197W/E, NRGs385, NRGs388, NRGs396, and NGC6159 exist. We then use several linking lengths and choose the one that best reproduces the physical properties of the known clusters and groups (see Table 3 of Lee et al. 2015) , which is 0.090h −1 Mpc (ll 1 ). For the inner region at R < 30 ′ with a denser galaxy sample, we use the galaxies at r petro,0 < 20.5 with the same velocity cut. We again test several linking lengths and choose the one that connects galaxies to form groups with similar spatial extents to the groups previously found with ll 1 , which is ll 2 = 0.083h −1 Mpc. Figure 11 shows the spatial distribution of the A2199 galaxies with the identified subgroups that contain at least three members. The groups at R < 30 ′ are from the cluster galaxy sample of r petro,0 < 20.5 with ll 2 = 0.083h −1 Mpc, and those at R > 30 ′ are from the sample of r petro,0 < 17.77 with ll 1 = 0.09h −1 Mpc. When groups identified with ll 1 = 0.09h −1 Mpc are distributed across the boundary of R = 30 ′ , we combine them with the neighboring groups at R < 30 ′ . Filled circles are members of the subgroups and open circles are non-members. Bright galaxies with r petro,0 < 17.77 are indicated with big circles, while faint galaxies with r petro,0 > 17.77 are denoted by small circles. The groups are distinguished by color and numbered by group id as listed in Table 3 . In Table 3 , we list group id, number of members (N mem ), central (median) position (R.A. cen , Decl. cen ), median line-of-sight velocity (cz cen ), and lineof-sight velocity dispersion (σ p ).
Because the FoF groups are found in the projected twodimensional space, there could be some false groups that are not physically associated, but look clustered only in the plane of R.A. and declination. To determine the fraction of false groups in our group catalog, we perform a simple test of comparing FoF groups found in a projected two-dimensional space with those found in the real three-dimensional space. We first construct a set of particles that follows a Navarro-Frenk-White profile (NFW profile; Navarro et al. 1996) at R < 30 ′ with the concentration parameter of A2199 (c=8, Rines et al. 2002) . We keep the total number of the particles to be the same as the total number of the cluster galaxies at R < 30 ′ (N gal = 410). We then apply the threedimensional FoF algorithm to this sample using the linking length 0.083h −1 Mpc. We then define a false detection rate of group members as the fraction of members that belong to any FoF groups found in a projected twodimensional space but not in FoF groups found in the three-dimensional space. The test with 1000 data sets results in the false detection rate of 49% with a standard deviation of 3%, suggesting a significant contamination. However, it should be noted that the false detection rate could be lower than this because galaxies in real clusters follow the NFW density profile with an additional subclustering. This subclustering will reduce the number of galaxies that are not associated with subgroups in clusters. This effect is not considered in our experiment, which can result in a higher false detection rate than the true value. We therefore do not claim that our group catalog is clean and complete, and do restrict our analysis to simple statistical tests.
We use a δ-test (Dressler & Shectman 1988) as one of these statistical tests. This δ-test is based on the local deviations of cluster galaxies from the systemic velocity (v) and dispersion (σ) of the entire cluster. For each galaxy, the deviation is defined by
wherev local and σ local are the local velocity mean and dispersion, and N nn is the number of nearest neighbors that determines the range of local environment. We use N nn = 11 as suggested by Dressler & Shectman (1988) . We calculate δ for each galaxy at |∆cz|/(1 + z cl ) ≤ 3000 km s −1 , r petro,0 ≤ 20.5, and R ≤ 30 ′ . In Figure  12 , we visualize δ for each galaxy with a circle of a radius proportional to e δ (black open circles). A larger circle means a larger deviation from the global kinematics, thus groups of large circles represent galaxy groups that are kinematically distinguished from the host cluster. As expected, some of the FoF groups appear as kinematically distinctive subgroups: some parts of Group #1 and 2, Group #5, 8, 13, and 14.
We also calculate the statistical significance of the presence of substructures of A2199 using a Monte Carlo simulation of the ∆ statistics of Dressler & Shectman (1988) , where ∆ is the sum of δ of all the cluster galaxies. We first generate 500 simulated clusters by shuffling velocities of the cluster galaxies at their observed positions so that the simulated clusters are similar to the observed cluster except for the velocity clustering property. We then calculate ∆ for the observed and the simulated clusters, and compute the fraction of the simulated clusters with ∆ sim > ∆ obs . We obtain f (∆ sim > ∆ obs ) = 11%, which suggests the existence of possible substructures in A2199.
Spatial Correlation between FoF galaxy groups and X-ray emission
We now examine the correlation of spatial distribution of the FoF galaxy groups with that of X-ray emission. We use the Suzaku X-ray images of A2199 (T. Tamura et al. 2017, in prep. ; see colors and contours in Figure  13 ). However, the spatial coverage of the Suzaku obser-Note. -Because number density of galaxy sample is different in inner and outer regions due to the different limiting apparent magnitudes of the data, linking length (ll) for the friends-of-friends algorithm is chosen differently. Group 1-17 are those found at R < 30 ′ and identified with ll = 0.083h −1 Mpc, and Group 18-32 are those at R = 30−60 ′ and identified with ll = 0.090h −1 Mpc. a Number of member galaxies in each group. For groups close to the boundaries where the limiting apparent magnitude changes (R = 30 ′ ) and the outermost boundary (R = 1 • ), Nmem is underestimated. Thus we add ≥ to indicate that the given Nmem is the lower limit.
vations is not complete (Figure 13 shows several places of detector gaps), thus we first focus on a simple identification of X-ray counterparts of the optically selected galaxy groups identified in the previous section. Figure 13 shows the spatial distribution of the cluster galaxies on top of the X-ray intensity map. We also overplot active galactic nuclei (AGN, star symbols). Filled star symbols indicate the AGNs classified with optical spectra (i.e. z specclass eq 'QSO', z subclass eq 'AGN', or z subclass eq 'BROADLINE' in the SDSS database), and open star symbols denote the AGNs identified with WISE colors using the criteria of Mateos et al. (2012) . Because the WISE criteria for AGNs do not require redshift information, we use all the WISE AGN candidates in the photometric sample regardless of redshift information. Figure 13 shows that the strong X-ray emission in the very central region (R < 15 ′ ) matches well with the main body of A2199 (FoF group #1), as expected. To better compare the spatial distribution of the galaxies with that of the ICM in the central region, we show the galaxy number density contours at R 18 ′ in the left panel of Figure 14 with the X-ray intensity map and contours in the right panel. Both contours at R 10 ′ show a northeast-southwest elongation. Figure 13 also shows that the most small X-ray clumps coincide with the AGNs, meaning that the AGNs are mainly responsible for the X-ray emission in those clumps. To examine the correlation between FoF groups and X-ray emission, we perform the following statistical test. We first construct the surface galaxy number density map using the cluster member galaxies at r petro,0 < 17.77. We use the method in Gutermuth et al. (2005) based on the distance to the fifth closest galaxy to construct the number density map, and the pixel scale of the map is the same as the one in the X-ray map (i.e. 16.7
′′ pix −1 ). The black dots in Figure 15 show the surface number density distribution as a function of X-ray intensity for the entire region where the X-ray data exist (see Figure 13) .
We then overplot the distribution of pixels at the positions of galaxies in three different galaxy samples: cluster galaxies in the FoF groups, cluster galaxies not in the FoF groups, and foreground/background galaxies (red dots in three panels). To reduce the effect of the cluster main Figure 11 , but only for the groups at R < 30 ′ . Black empty circle refers to kinematic information around each galaxy. Its size is proportional to e δ where δ denotes how much the kinematics of the local environment of a galaxy, defined by 11 nearest neighbors, is different from the global cluster kinematics (Equation (4)).
component, we mask the central 20
′ region and do not plot the galaxies in the main body of A2199 (i.e. FoF group #1). The plot shows that the surface number densities of the galaxies in the FoF groups (left panel) are higher than those of the other samples, as expected. However, only the galaxies in the FoF groups show that both the galaxy number density and the X-ray intensity distributions are skewed to higher values compared to the distributions of the entire sample, indicating a correlation of the spatial distribution between FoF groups and X-ray emission. We list the p-values from the K-S and the A-D k-sample tests for the distributions of the subsample (red dots) and the parent sample (black dots) in each panel, which supports our conclusion.
We also perform another statistical test. This is similar to the previous one, but we focus more on the comparison of the galaxy samples at similar radii. Figure 16 shows the mean of the top 30% of the X-ray intensity distribution, < I 30 X >, at the positions of the galaxies in the three galaxy samples above as a function of clustercentric radius. We plot the mean of the top 30% of the X-ray intensity distribution because we are interested in the excess of X-ray intensity where galaxies are located at, and the conclusion does not change even though we use top 20-50% of the X-ray intensity distribution. To minimize the effect of the cluster main component in the X-ray map, we restrict our comparison to the radial ranges of 20 ′ < R < 30 ′ and 30 ′ < R < 50 ′ . We do not subtract the cluster main component from the X-ray map to reduce the uncertainty that could be introduced by the imperfect subtraction. The plot shows that the X-ray intensities near the cluster galaxies in the FoF groups, on average, are higher than those of the other samples both at the two radial bins. This again confirms the correlation of the spatial distribution between FoF groups and X-ray emission. A detailed analysis on the compari- -(Left) Iso-surface number density contours of cluster galaxies (black solid lines) and cluster galaxies (black dots). (Right) X-ray iso-intensity contours (white solid lines) with X-ray emission color-coded by its intensity. Different color code from one in Figure 13 is used to better resolve the central part. -Correlation between surface galaxy number density and X-ray intensity in A2199. Black dots indicate the correlation between the two in the entire region where the X-ray measurements are available (see Figure 13 ). Red dots in each panel indicate the correlation between the two at the positions of galaxies in three different galaxy samples: cluster galaxies in the FoF groups (left), cluster galaxies not in the FoF groups (middle), and foreground/background galaxies (right). Histograms along X-and Y-axes show the distributions of X-ray intensity and the surface galaxy number density, respectively. Black and red histograms indicate, respectively, the distributions for the entire sample and the subsample of each panel. Two numbers in the left and right corners indicate p-values from the K-S and A-D k-sample tests on the distributions of the entire sample and the subsample. Fig. 16 .-The mean of top 30% of the X-ray intensities measured at the positions of cluster galaxies in FoF groups (red circle), at the positions of cluster galaxies not in FoF groups (blue triangle), and at the positions of foreground/background galaxies (black square). The mean is measured at two different radial ranges, 20 ′ < R < 30 ′ and 30 ′ < R < 50 ′ . Error bars are calculated using the subsampling method.
son of galaxy distribution with the complete X-ray map and with the weak-lensing peaks will be a topic of future studies.
CONCLUSION
We conduct a deep, uniform redshift survey of the central region of A2199 at R < 30 ′ . By combining 775 new MMT/Hectospec redshifts and the data in the literature, we provide an extensive catalog of the A2199 galaxies at r petro,0 < 20.5 and R < 60 ′ , which is useful for future studies of this system.
We apply the caustic technique to the redshift data and identify 406 member galaxies in the central region at R < 30 ′ . The velocity dispersion profile derived from the entire sample of member galaxies is smoothly connected to the stellar velocity dispersion profile of the cD galaxy, and is similar to the one derived using red member galaxies. The faint-end slope of the luminosity function at R < 30 ′ is α = −1.26 ± 0.06, which shows no faint-end upturn feature. The luminosity function does not change much with clustercentric radius. These results are consistent with the previous measurement based on slightly shallower redshift surveys.
The comparison of the radial velocities between the galaxies and the ICM suggests that there are some regions where the velocity difference between the two is significant more than 2σ. We find a hint of the rotation of the galaxies at R < 5 ′ around the center of A2199 with v rot = 300−600 km s −1 , but the ICM does not show such bulk motion in the same region. This might result from a recent minor merger event in the central region suggested by Nulsen et al. (2013) with the Chandra X-ray data. To develop further understanding on merging processes undergone recently in the central region, more precise measurements of the ICM radial velocity and weak-lensing analysis for dark matter distribution are necessary.
We apply a FoF algorithm to identify galaxy subgroups, and identify 32 group candidates at R < 60 ′ . A visual comparison of the spatial distribution of the FoF groups with the Suzaku X-ray map suggests that the correspondence between the FoF groups and X-ray clumps is not obvious except the central main body. We perform simple statistical tests on the spatial correlation between the FoF groups and X-ray emission. The tests result in a positive correlation, indicating the physical connection between the two. Future X-ray observations with complete spatial coverage and better spatial angular resolution would be useful for better comparisons between the galaxies and the ICM. Comparisons of the galaxy distribution with the dark matter distribution from a weaklensing analysis will be also valuable to have a complete picture of the formation and evolution of A2199. Fig. 17 .-Radial velocity distribution of cluster galaxies in each cell shown in Figure 8 , except S7 where there is only one galaxy. The name of each cell is specified in each panel. Mean, median, and geometric mean are denoted with solid, long-dashed, and dashed lines, respectively.
